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Edited by Maurice MontalAbstract The conduction of ammonia/ammonium (NH3=NH
þ
4 )
through the channel protein AmtB is inhibited by the binding of
the signal transduction protein GlnK. In the AmtB–GlnK binding
interface, there exists an NH3=NH
þ
4 binding site – Am6. The
calculated pKa values at the Am6 sites in both the AmtB–GlnK
complex and isolated AmtB implies the dominance of an un-
charged NH3 state. The GlnK protein binding causes a signiﬁ-
cant downshift in the Am6 pKa value of the AmtB. However,
this downshift is perfectly compensated by the reorientation of
the protein backbone (carbonyl group of Cys312 from the AmtB
part) upon AmtB–GlnK complex formation.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Nitrogen is an important nutrient for bacteria, fungi, and
plants to synthesize amino acids. In a natural liquid environ-
ment, it is solvated as ammonium ions ðNHþ4 Þ rather than
being available as gaseous ammonia (NH3). At high concentra-
tions, cells can maintain a suﬃcient NH3=NH
þ
4 reservoir by
passive permeation through membrane. At low concentra-
tions, ammonium transport (Amt) proteins are required to
gather NH3=NH
þ
4 from the environment. Based on the similar-
ities between their protein sequence and structure, the Amt
proteins, methylamine permease, and human rhesus (Rh) fac-
tor proteins are classiﬁed into one large protein family. In
mammalians, the excretion of NHþ4 by the kidney is of physi-
ological importance, and two Rh proteins – RhBG and RhCG
– are expressed in the mammalian kidney-collecting duct [1].Abbreviations: AmtB conformational change, conformational change
that occurs inside the AmtB part; AmtB–GlnK complex, crystal
structure of the AmtB protein bound by the GlnK protein; Amt
protein, ammonium transport protein; GlnK-depleted complex, crystal
structure of the AmtB protein obtained by the depletion of the GlnK
coordinates of the AmtB–GlnK complex; GlnK inﬂuence, inﬂuence of
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doi:10.1016/j.febslet.2007.07.085Thus, understanding the function of Amt protein will also pro-
vide insights into the functioning of Rh proteins.
In almost all bacteria, the amtB gene is linked to glnK [2].
The GlnK protein is a soluble protein that binds to the AmtB
protein. It was proposed that the GlnK protein serves as a neg-
ative regulator of the NH3=NH
þ
4 conduction activity of the
AmtB protein [3]. This was conﬁrmed by the recently solved
crystal structures of the AmtB–GlnK complex [4,5], suggesting
that the primary function of GlnK is almost certainly the reg-
ulation of NH3=NH
þ
4 conduction into the cell.
In previous studies, four NH3=NH
þ
4 binding sites – Am1,
Am2, Am3, and Am4 – were identiﬁed in the 20 A˚-long narrow
pore of the free AmtB protein structure (isolated AmtB) [6].
Recently, two more binding sites – Am5 and Am6 – were iden-
tiﬁed in the AmtB–GlnK crystal structure [5] (Fig. 1). In the
AmtB–GlnK binding interface, Arg47 of the GlnK subunit
(Arg47GlnK) forms a salt bridge with Asp313 of the AmtB sub-
unit (Asp313AmtB) [5] (Fig. 2). Arg47GlnK appears to play an
important role in the binding of the GlnK subunit to the AmtB
subunit. In addition, the nitrogen atom of Am6 is at an H-
bond distance from the guanidinium nitrogen of Arg47GlnK
(NAm6–NArg47 distance: 2.9 A˚). By revealing the inﬂuence of
the protein environment on the conducting pore, especially
the newly identiﬁed Am6 site, and taking into consideration
previous studies on Am1–Am4 sites [7–12], we could gain in-
sights into the NH3=NH
þ
4 conduction mechanism as well as
the inhibition mechanism. In this study, by using crystal struc-
tures and considering the protonation states of all the titrat-
able sites in the protein, the inﬂuence of the protein
environments of the AmtB and GlnK subunits on the
NH3=NH
þ
4 binding site is elucidated based on the shifts in
the pKa value of NH3=NH
þ
4 .2. Methods
2.1. Atomic coordinates and charges
For performing computational studies, we used the crystal structures
of the AmtB–GlnK complex (PDB code: 2NS1) [5] and isolated AmtB
(PDB code: 1U7G) [6] obtained from Escherichia coli. The atomic
coordinates were prepared using the same procedures as those used
in previous studies on isolated AmtB [10]. The position of the hydro-
gen atoms was energetically optimized by CHARMM [13] using the
CHARMM22 force ﬁeld. While carrying out this procedure, the posi-
tions of all non-hydrogen atoms were ﬁxed, and the standard charge
state of all the titratable groups were maintained, i.e., the basic and
acidic groups were considered protonated and ionized, respectively.
All the other atoms whose coordinates were available in the crystal
structure were not geometrically optimized. In the original crystal
structure for isolated AmtB [6], the binding sites Am5 and Am6 were
not identiﬁed. Thus, to calculate the pKa values that correspond toblished by Elsevier B.V. All rights reserved.
Fig. 1. Locations of the NH3=NH
þ
4 binding sites – Am1–6 (blue balls)
– along the pore of the AmtB protein (cyan strands) with the GlnK
protein (red ribbons).
Table 1
Calculated pKaðNH3=NHþ4 Þ values at the Am5 and Am6 sites in the
AmtB–GlnK and GlnK-depleted complexes (pKa)
4294 H. Ishikita / FEBS Letters 581 (2007) 4293–4297pKa(Am5) and pKa(Am6) in isolated AmtB, the atomic coordinates of
the nitrogen atoms of Am5 and Am6 of the AmtB–GlnK complex were
superimposed on the coordinates of isolated AmtB by using the
ALIGN program [14]. Since the superimposed position of the nitrogen
atom of Am5 in isolated AmtB was unreasonable (NAm5–CcVal314 dis-
tance: 1.5 A˚), the pKa(Am5) value was not calculated.
The atomic partial charges of amino acids were adopted from the
all-atom CHARMM22 [13] parameter set. The charges of acidic oxy-
gen atoms in the protonated state were increased symmetrically by
+0.5 unit charges to account implicitly for the presence of a proton.
Similarly, instead of removing a proton in the deprotonated state,
the charges of all the protons of the basic groups of Arg and Lys were
diminished symmetrically by a total unit charge. For residues whose
protonation states are not available in the CHARMM22 parameter
set, appropriate charges were computed [15]. Charges of NH3=NH
þ
4
were quoted from a previous report on isolated AmtB [10].
2.2. Dielectric volume
As a general and uniform strategy, all crystal waters were removed
during the computations (for instance, Refs. [10,16,17]) due to the lack
of experimental information on hydrogen atom positions. Cavities
resulting from the removal of crystal waters were uniformly ﬁlled with
a solvent dielectric medium of ew = 80. Thus, eﬀectively, the eﬀect of
the removed water molecules was compensated for implicitly by the
high value of the dielectric constant in these cavities. A discussion
on the appropriate value of the dielectric constant in proteins for elec-
trostatic energy computations can be found in Ref. [18].Binding site AmtB–GlnK
complex
GlnK depleted
complex
pKa State pKa State
Am5 3.1 NH3 8.2 NH
þ
4
Am6 2.4 NH3 8.1 NH
þ
42.3. Computation of protonation pattern and pKa
All calculations were performed as per those in previous studies on
isolated AmtB [10]. The energetics of the protonation pattern were
computed based on the electrostatic continuum model by solving the
linear Poisson–Boltzmann (LPB) equation using the MEAD programdeveloped by Bashford and Karplus [19]. To sample the ensemble of
the protonation patterns by the Monte-Carlo (MC) method, we used
the Karlsberg program (Rabenstein, B. (1999) in conjunction with
the Karlsberg online manual (http://agknapp.chemie.fu-berlin.de/karls-
berg/). The dielectric constants were set to ep = 4 inside the protein
and ew = 80 for water. All computations were performed at 300 K,
pH 7.0, and an ionic strength of 100 mM. The LPB equation was
solved using a three-step grid-focusing procedure for grid resolutions
of 2.5 A˚, 1.0 A˚, and 0.3 A˚. The MC sampling yields probabilities of
the deprotonated and protonated states of the considered titratable
residues. Using the Henderson–Hasselbalch equation, pKa can be cal-
culated as the pH at which the concentrations of the protonated and
deprotonated residue species are equal (Henderson–Hasselbalch
pKa). The pKa value of 9.25 [20] for the NH3=NH
þ
4 group in an aque-
ous solution was used as the reference model system. For further de-
tails regarding calculations, see Ref. [10].2.4. Evaluation of the protein dielectric constant ep
The optimal ep value depends on the protein model used. The more
atomic details are included explicitly in the description of the molecu-
lar system, the lower the ep value becomes. The ep size is a reﬂection of
what is not included explicitly (e.g., ep = 1 for the system with all the
possible factors inﬂuencing electrostatic interactions being considered
explicitly) [18,21]. As demonstrated by Warshel and coworkers
[18,21] ep  4 can be used when protein ﬂexibility is taken into account
explicitly. Furthermore, it is unlikely that the ep for charge–dipole and
charge–charge interactions are identical [18]. It has been suggested that
ep  20 and 40 should be used for interactions of charged-uncharged
groups and charged-charged groups, respectively [18,22].
In previous studies [10], we calculated pKa values for Am2, Am3 and
Am4 in isolated AmtB protein [6] by using ep = 4. We found that the
binding species at Am2, Am3, and Am4 are gaseous NH3 and not
NHþ4 (pKa = 2.8, 4.9, and 3.6, respectively [10]), in agreement with
other studies [7–12]. However, by using ep = 20, we calculated the pKa
values for Am2, Am3, and Am4 to be 7.6, 6.9, and 7.9, respectively:
this result is obviously in contrast to other studies.
In the present study, we do not consider ﬂexibility of protein struc-
ture explicitly. However, we consider protonation states of all titrat-
able sites in the whole protein explicitly, i.e., the ﬂexibility of protein
charge where all the titratable sites are simultaneously equilibrated.
It is important to note that the protonation pattern is modulated in re-
sponse to the NH3=NH
þ
4 equilibrium state. Hence, the ep value in the
present study could be lower than that used in other studies, in which
changes of atomic charges as a consequence of titration are not mod-
eled explicitly. Based on a number of studies (for instance, [10,16,17]),
we obtained best results for the redox potential and pKa values for re-
dox-active and titratable groups, respectively, using a dielectric con-
stant of ep = 4 inside the protein. Hence, ep = 4 appears to be
optimal in the current computational model used in the present study.3. Results and discussion
The calculated pKaðNH3=NHþ4 Þ values for the Am5 and
Am6 sites (pKa(Am5) and pKa(Am6), respectively) were al-
most identical in the AmtB–GlnK (Table 1). Thus, in the sub-
sequent discussion, we will consider only the pKa(Am6) value
unless speciﬁed otherwise.
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The pKa(Am6) value in the AmtB–GlnK complex is found
to be 2.4; this indicates the dominance of uncharged NH3 over
the cationic NHþ4 state (Table 1). Interestingly, this value is
essentially the same as the pKa(Am6) value of isolated AmtB
protein (3.0) (Table 2). It has been suggested that AmtB pro-
tein transfers uncharged NH3 [6,23,24]. Computational studies
have demonstrated that the binding species at Am2, Am3, and
Am4 are gaseous NH3 and not NH
þ
4 [7–12], although the
deprotonation mechanism of NHþ4 is a matter of debate
(e.g., deprotonated mainly by Asp160 [8], Ala162 [9], or both
Asp160 and Ser219 [10]). The almost similar low values of
pKa(Am4) [10] and pKa(Am6) – 3.6 and 3.0, respectively – in
isolated AmtB conﬁrm that the binding species at Am4 is gas-
eous NH3, as revealed in the previous study [10]. Furthermore,
this result indicates that NH3 does not take up a proton from
the bulk solvent at Am4.
The GlnK subunit possesses Arg47GlnK in the binding inter-
face along with the AmtB subunit. In the AmtB–GlnK com-
plex, the guanidinium nitrogen atom of Arg47GlnK is located
at an H-bond distance from the nitrogen atom of Am6 (N–
N distance: 2.9 A˚) (Fig. 2), causing a signiﬁcant downshift of
14.2 in the pKa(Am6) (Table 2). Thus, it might be anticipated
that the pKa(Am6) value of the AmtB–GlnK complex is much
lower than that of isolated AmtB due to the presence of the
positively charged Arg47GlnK. However, the pKa(Am6) value
of the AmtB–GlnK complex is essentially the same as that of
isolated AmtB (Table 2). As a result, a signiﬁcant inﬂuence
of Arg47GlnK on the pKa(Am6) (Table 2) is considerably com-
pensated for by the acidic residues in the AmtB–GlnK com-
plex. For instance, its salt-bridge partner Asp313AmtB, and
the atomic charges of the protein side chains of the entire
GlnK protein upshift the pKa(Am6) value of the AmtB–GlnK
complex by only 3.1 (Table 2).
3.2. Inﬂuence of the GlnK part on the pKa(Am6) value
To evaluate the inﬂuence of the GlnK part on the pKa(Am6)
value of the AmtB–GlnK complex, the atomic coordinates of
the AmtB protein were obtained by the depletion of the GlnKTable 2
pKa values at the Am6 site and the inﬂuence of the protein environment on th
depleted complex (GlnK-depleted), and isolated AmtB (pKa)
[pKa]
AmtB–GlnK
complex
GlnK depleted
complex
Subunit AmtB, GlnK AmtB
pKa(Am6) 2.4 8.1
DpKa due to
protein charge 6.9 8.7
backbone 3.8 3.0
(Cys312AmtB
a) (4.8) (3.7)
side chain 3.1 5.7
(Arg47GlnK) (14.2) n.d.b
(Asp310AmtB) (4.8) (3.6)
(Asp313AmtB) (3.7) (2.4)
DpKa due to protein volume/shape 13.8 9.9
aThe backbone carbonyl (CO) group of Cys312AmtB.
bn.d.: not determined.
cDeﬁned as pKa(Am6, GlnK-depleted complex)  pKa(Am6, isolated AmtB)
dDeﬁned as pKa(Am6, AmtB–GlnK complex)  pKa(Am6, GlnK-depleted ccoordinates of the AmtB–GlnK complex (GlnK-depleted com-
plex). In contrast to the pKa(Am6) values of the AmtB–GlnK
complex and isolated AmtB, the pKa(Am6) value of the GlnK-
depleted complex (8.1) is considerably large (Table 1), thereby
implying the presence of a cationic NHþ4 state at Am6. Since
the pKa(Am6) value of the AmtB–GlnK complex is signiﬁ-
cantly diﬀerent from that of the GlnK-depleted complex, it is
evident that the GlnK part apparently has a signiﬁcant impact
on the pKa(Am6) value of the AmtB–GlnK complex. How-
ever, it is unclear why if the GlnK part aﬀects the pKa(Am6)
value of the AmtB–GlnK complex, the pKa(Am6) value of iso-
lated AmtB (3.0) is similar to that of the AmtB–GlnK complex
(2.4). It appears that upon the formation of the AmtB–GlnK
complex, the inﬂuence of the GlnK part on the pKa(Am6) va-
lue is compensated by a factor that is related to the change in
the protein conformation of the AmtB part.
To elucidate the detailed mechanism of this compensation,
we consider the inﬂuence of the protein environment on the
pKa(Am6) shift separately based on the following two factors:
(a) ‘‘Inﬂuence of the GlnK part on the AmtB–GlnK complex
(GlnK inﬂuence).’’ This is deﬁned as pKa(Am6, AmtB–GlnK
complex)  pKa(Am6, GlnK-depleted complex); it refers to
the inﬂuence exerted solely by the presence of the GlnK sub-
unit on the pKa(Am6) value. (b) ‘‘Conformational change that
occurs inside the AmtB part (AmtB conformational change).’’
This is deﬁned as pKa(Am6, GlnK-depleted complex) 
pKa(Am6, isolated AmtB); it refers to the inﬂuence exerted
on the pKa(Am6) value by the protein conformational change
of the AmtB part of the complex upon GlnK binding (i.e.,
formation of the AmtB–GlnK complex).
3.2.1. GlnK inﬂuence. This study reveals that the GlnK
part downshifts the pKa(Am6) value of the AmtB–GlnK com-
plex by 5.7 (Table 2). The protein atomic charge, which forms
the entire GlnK part, is responsible for the downshift of 1.8 in
the entire downshift of 5.7.
The remaining downshift of 3.9 in the pKa(Am6) value due to
the GlnK inﬂuence is attributed to the contribution of the pro-
tein dielectric volume/shape (Table 2). In this study, the protein
volume/shape is deﬁned as the space covered by the merged vane pKa shifts (DpKa) in the AmtB–GlnK complex (AmtB–GlnK), GlnK-
[pKa shift upon GlnK binding]
Isolated
AmtB
Conformational change
within the AmtB partc
Inﬂuence of GlnK on
AmtB–GlnKd
inside AmtB outside AmtB
3.0 5.1 5.7
3.6 5.1 1.8
2.0 5.0 0.8
(0.1) (4.9) (1.1)
5.6 0.1 2.6
n.d.b n.d. n.d.
(1.2) (2.4) (1.2)
(0.3) (2.1) (1.3)
9.9 0.0 3.9
.
omplex).
Fig. 2. Comparison between the residue positions/orientations of
isolated AmtB (carbon atoms: black) and the AmtB–GlnK complex
(carbon atoms: gray) in the proximity of Am6. Oxygen, nitrogen, and
sulfur atoms are depicted as red, blue, and yellow balls, respectively.
The movements of the residues that are accompanied by the formation
of the AmtB–GlnK complex are indicated by pink arrows.
4296 H. Ishikita / FEBS Letters 581 (2007) 4293–4297derWaals volumes of the protein atoms. Thus, the downshift of
3.9 exerted by the protein dielectric volume/shape is a result of
the loss of solvation energy at the Am6 in the NH3=NH
þ
4 con-
ducting pore due to the volume of the GlnK subunit. It is
known that, in general, in the inner hydrophobic core of chan-
nel proteins, the absence of the availability of solvation (rather
than repulsive interactions) is the major contributor toward
destabilizing the charged groups [25], which holds true for the
downshift of 3.9 in the pKa(Am6) value in the present case.
3.2.2. AmtB conformational change. In contrast to the
downshift of 5.7 in the pKa(Am6) value due to the GlnK inﬂu-
ence, the AmtB conformational change upshifts the pKa(Am6)
value by 5.1 (Table 2). This upshift is predominantly a result of
the change in the inﬂuence of the protein backbone charge on
Am6 induced upon GlnK binding (Table 2). In this study, the
change in the inﬂuence of the protein backbone charge should
correspond to the movement/reorientation of the protein back-
bones. (Note: This is because the values of the atomic charges
used for the protein backbone are constant during the calcula-
tion.) In particular, the orientations/locations of the backbone
carbonyl group of Cys312AmtB in isolated AmtB and the
AmtB–GlnK complex diﬀer signiﬁcantly (Fig. 2).
In the AmtB–GlnK complex, the backbone carbonyl group
of Cys312AmtB, located at an H-bond distance from the nitro-
gen atom of Am6 (OCys312–NAm6 distance: 2.9 A˚), can stabilize
the cationic NHþ4 state at Am6, thereby contributing to the
pKa(Am6) upshift of 4.8. On the other hand, the correspond-
ing stabilization of the NHþ4 state at Am6 is not observed in
isolated AmtB; this is because the backbone carbonyl group
of Cys312AmtB is located far from Am6 (OCys312–NAm6 dis-
tance: 6.4 A˚, Fig. 2). Hence, the movement of the backbone
carbonyl group of Cys312AmtB from its original position in iso-
lated AmtB to that in the AmtB–GlnK complex plays a key
role in compensating for the GlnK inﬂuence at Am6.4. Conclusion
The pKa(Am6) value in isolated AmtB is calculated to be
3.0; this conﬁrms the previous result that stated the presenceof gaseous NH3 state at the upstream Am4 site [6–12] in iso-
lated AmtB. The equally low pKa(Am6) value of the AmtB–
GlnK complex (2.4) implies that the gaseous NH3 state at
Am6 remains unchanged upon GlnK binding. Hence, the inhi-
bition of the NH3=NH
þ
4 conduction in the AmtB protein upon
GlnK binding is attributed to the steric block in the conducting
path resulting from the volume of the GlnK protein rather
than shift in the pKa(Am6) value. (Note that the present study
does not evaluate the barriers for the NH3=NH
þ
4 conduction
and only evaluates energetics of the binding sites that were
identiﬁed in the AmtB–GlnK crystal structure [5]). The deple-
tion of the GlnK part from the atomic coordinates of the
AmtB–GlnK complex (GlnK-depleted complex) upshifts the
pKa(Am6) value signiﬁcantly (by 6), yielding a pKa(Am6)
of 8.1. Thus, the similarity between the pKa(Am6) values of
isolated AmtB (3.0) and the AmtB–GlnK complex (2.4) indi-
cates the compensation of the GlnK inﬂuence on the Am6 site
by the AmtB part of the AmtB–GlnK complex. Upon the for-
mation of the AmtB–GlnK complex, the movement of the
backbone carbonyl group of Cys312AmtB occurs in the AmtB
part, which can eﬀectively stabilize the cationic NHþ4 state at
Am6. This movement is primarily responsible for the compen-
sation of the GlnK inﬂuence on Am6.
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